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Abstract
Many minimally processed foods depend on a combination of inhibitory factors to reduce the hazard
of foodborne illness. Therefore, inactivation of Listeria innocua was studied according to a 24 factorial
experiment designed to draw conclusions about temperature (52.5 °C and 65.0 °C), pH (4.5 and 7.5),
water activity (aw=0.95 and 0.99) and solute type (NaCl and glycerol) effects. Three different recovery
media were used to assess injured cells. Survival data were fitted with a Gompertz-based model and
kinetic parameters (shoulder, maximum inactivation rate – kmax, and tail) were estimated. Results
showed that shoulder was affected by temperature, pH and combined effects; kmax was influenced by all
factors and their combinations; and tail was affected by aw, temperature and aw/pH combination. Re-
sults demonstrated the potential occurrence of microbial cross-protection survival techniques between
the various stresses, e.g. heat and osmolarity. Indeed, this work clearly established that, to avoid haz-
ards, Listeria inactivation must be evaluated with a maximum of environmental factors that undergo
alterations. Only thus, appropriate food preservation treatments can be developed and consequently,
the safety of food products can be assured.
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1 Introduction
Pathogenic bacteria in food may encounter dif-
ferent stressing conditions such as high or low
temperature, pH and water activity (aw) values.
Listeria monocytogenes, the cause of listeriosis,
is widespread in the environment and has been
found in raw and ready-to-eat vegetables, meat,
poultry, seafood and dairy products (Mena et al.,
2004; Wang et al., 2013). L. monocytogenes can
grow at refrigerated temperatures, has the abil-
ity to tolerate acidic conditions and can survive
on dry surfaces (Norrung, 2000). Consequently,
control of this bacterium is a major challenge for
the food producers, since it can adapt to food
environments, which normally restrict bacterial
growth.
A non-pathogenic species of Listeria is Listeria
innocua. This bacterium is often used as a ther-
mal processing surrogate for L. monocytogenes
(Kondjoyan & Portanguen, 2008; Char, Guer-
rero, & Alzamora, 2009), since they share simi-
lar characteristics and environments. Besides the
criticism of some researchers in assuming the par-
allelism of both species in a variety of foods and
processing conditions, there are a considerable
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number of works that validate L. innocua as a
primary non-pathogenic indicator of L. monocy-
togenes (Zhang, Ma, Oyarzabal, & Doyle, 2007;
Lecompte, Kondjoyan, Sarter, Portanguen, &
Collignan, 2008). The similarity of growth prop-
erties of both species in a wide range of temper-
atures, pH and water activity values re-enforces
the choice of working with a non-pathogenic
species (Begot, Lebert, & Lebert, 1997). The
majority of L. innocua strains are more heat re-
sistant than L. monocytogenes, thus providing a
margin of safety in the development/design of
new thermal processes involving these microor-
ganisms (Friedly et al., 2008).
The extreme resistance of Listeria spp. to many
food preservation conditions leads to the appli-
cation of hurdle combinations that allow milder
processing conditions, but still effective in bac-
teria control (Barker & Park, 2001). In foods,
microorganisms are exposed to multiple physico-
chemical stresses that may, individually or simul-
taneously, affect their behaviour. However, due
to the importance of heat processing in the food
industry, researcher’s attention has been given to
temperature effects. Until recently, few studies
had given importance to the combination of other
stressful factors, such as pH and aw, and their
effect on microbial stress-adaptation and cross-
protection.
Although it has been widely assumed that com-
bined hurdles have additive or synergistic mode
of action, some studies (Casey & Condon, 2002;
Lee & Kang, 2009) reported antagonistic effects.
Therefore, it is crucial to study the effects of sev-
eral relevant stress factors on microbial inactiva-
tion to avoid extended survival problems.
Some of the main important hurdles used in food
preservation are temperature, pH and aw. When
a thermal process is applied, the heat resistance
of microorganisms is influenced by the physic-
ochemical conditions during heating. Among
them, aw is one of the most important. Data
available in literature revealed that when aw de-
creases, a marked increase in microbial thermal
resistance is often observed. Results also sug-
gested that the heat resistance of bacteria de-
pends both on strain and type of solute cho-
sen (Mazas, Martinez, Lopez, Alvarez, & Mar-
tin, 1999; Coroller, Leguerinel, & Mafart, 2001).
The pH of the heating media is also an important
factor that influences the thermal microbial inac-
tivation. As pH decreases, the microbial heat re-
sistance decreases, so less severe heat treatments
may be used to achieve safe products (Miller,
Ramos, et al., 2009).
Exposure to a combination of these stressing fac-
tors may also induce sublethal physiological and
structural changes in cells. These are called in-
jured cells and may have the potential to recover
when favourable conditions occur. The majority
of techniques for enumerating L. monocytogenes
requires culturing with selective media. If media
do not support the growth of injured cells, the
quantitative detection of viable cells can be com-
promised (Bremer, Osborne, Kemp, & Smith,
1998).
According to the treatment conditions used, the
microbial inactivation behaviour may not follow
a linear tendency (McKellar & Lu, 2003; Huang,
2009) and initial lags and/or final tailing tenden-
cies may precede and/or follow the maximum in-
activation rate period (i.e. sigmoidal kinetics).
Therefore, there are several mathematical mod-
els that describe non-linear behaviour (Geeraerd,
Herremans, & Van Impe, 2000; Albert & Mafart,
2005; Gil, Brandao, & Silva, 2006).
Thus, the objectives of this study were: (i) to
evaluate the influence of temperature, pH, aw
and type of solute (NaCl or glycerol) on the inac-
tivation behaviour of L. innocua, and (ii) to de-
termine the incidence of injured cells after each
treatment using three platting media.
2 Materials and Methods
2.1 The experimental design
A 24 factorial design (Box, Hunter, & Hunter,
1978) was applied to assess the effect of (i) tem-
perature, (ii) pH, (iii) water activity and (iv)
type of solute used to vary aw, on the log re-
duction of L. innocua evaluated by shoulder,
kmax and tail parameters of the Gompertz-based
model (equation 1, section 2.3.). The levels as-
sumed for the variables were: (i) 52.5 and 65.0 °C
for temperature, (ii) 4.5 and 7.5 for pH, (iii) 0.95
and 0.99 for water activity and (iv) NaCl and
glycerol for the type of solute used (totalling 16
cases). Three replicates of all the combinations
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Listeria innocua NCTC 10528 was subcultured
(30 °C, 24 h) in Tryptic Soy Broth - TSB (Lab M,
Lancashire, UK) containing 0.6% yeast extract -
TSBYE (Lab M). Cultures were maintained at 7
°C on Tryptic Soy Agar - TSA (Lab M) supple-
mented with 0.6% yeast extract - TSAYE.
Preparation of cultures
The second subculture of L. innocua was incu-
bated at 30 °C for 20h to yield stationary phase
cultures. This cell growth phase was chosen due
to its higher stress resistance than exponential
phase cells (Miller, Gil, Brandao, Teixeira, &
Silva, 2009). Cells in each cellular suspension
were enumerated by plating appropriate dilu-
tions, in duplicate, on the three solid media stud-
ied. The initial Listeria concentration was then
calculated for each cellular suspension.
Log reduction experiments in broth
TSBYE was used as the basal medium for all ex-
periments. Combinations of temperature (52.5
and 65.0 °C), pH (4.5 and 7.5), aw (0.95 and
0.99) and type of solute (NaCl and glycerol -
Merck) were studied according to the experimen-
tal design. The pH was always adjusted with lac-
tic acid (0.5M) and measured using a pH meter
(GLP 22, Crison Instruments, Spain). Water ac-
tivity determinations were performed with a dew
point hygrometer (Aqualab – Series 3, Decagon
Devices Inc., USA) at 25 ± 1°C.
The pH and aw of the media were measured be-
fore and after autoclaving. Autoclaving did not
change medium pH or aw.
Heat treatments were carried out in a thermo-
statized water bath. A covered Erlenmeyer flask
containing ninety-nine milliliters of stirred TS-
BYE, adjusted to the specified pH and aw, was
immersed in the water bath. Once the heat-
ing medium temperature had attained stability
(measured with a thermometer), it was inocu-
lated with 1 mL of cell suspension. Samples
were removed from the stirred TSBYE at dif-
ferent time intervals and immediately placed in
a mixture of ice-water.
Samples were serially diluted and plated in du-
plicate onto three different media: (i) TSAYE,
(ii) TSAYE supplemented with 5% (w/v) sodium
chloride – TSAYE + NaCl and (iii) Palcam Agar
plus selective supplement (Miller, Brandao, Teix-
eira, & Silva, 2006). Plates were incubated at 30
°C and counted each 24 h during 5 days, or un-
til the number of colony formation units (cfu) no
longer increased.
Mean values of bacterial counts, from duplicate




Assuming that the microbial thermal inactiva-
tion follows a sigmoidal behaviour, experimental
data can be mathematically described by a
Gompertz-based model (Linton, Carter, Pier-


















where N is the microbial cell density at a par-
ticular process time, t. The indexes 0 and res
indicate initial and residual (or tail) microbial
cell density, respectively, L is the initial shoulder
and kmax the maximum inactivation rate.
The versatility of fitting linear data and those
that contain shoulder and/or tailing effects
makes Gompertz an attractive model (Gil,
Miller, Brandao, & Silva, 2011).
Data analysis
The parameters of the Gompertz inactivation
model, i.e. L, kmax and log(Nres/N0), were es-
timated by non-linear regression analysis, fitting
equation 1 to experimental data.
The quality of the regressions was evaluated by
the coefficient of determination (R2), random-
ness and normality of the residuals.
Parameters’ precision was evaluated by the stan-
dardised half width (SHW) at 95%, i.e. halved
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confidence interval divided by the estimate =
(confidence interval95%/2) x (1/estimate) x 100.
Results from the 24 factorial experimental design
were analysed by ANOVA procedures.
The heat resistance of microorganisms has been
traditionally expressed in terms of D-values (dec-
imal reduction time, or time required to inacti-
vate 90% of the population). These values are
calculated assuming that microbial inactivation
follows first order kinetics and can be calculated
using data of the maximum inactivation rate pe-





Statistica© 6.0 (StatSoft, USA) and Microsoft®
Excel 2000 (Microsoft Corporation, USA) were
used for all calculations and statistical analysis.
3 Results and Discussion
3.1 Thermal inactivation
behaviour of L. innocua
This study aimed at determining the influence
and interactions of temperature, pH, aw and type
of solute (used to change aw) on the inactivation
of L. innocua 10528. Although some works have
proven the significant influence of temperature,
pH and aw on microbial inactivation (Blackburn,
Curtis, Humpheson, Billon, & McClure, 1997;
Juneja & Eblen, 1999; Jagannath, Nakamura, &
Tsuchido, 2003), studies of their effects on the
features of non-linear inactivation kinetics (this
meaning initial shoulders, maximum inactivation
rate and tail) are scarce. Therefore, the effect
of these factors on kinetic parameters was now
studied using the conditions defined according
to the 24 experimental design. The Gompertz-
based model was fitted to experimental inacti-
vation data, and kinetic parameters were esti-
mated for all situations considered. These re-
sults are included in Tables 1 and 2, respectively
for aw=0.95 and 0.99. The kinetic behaviour of
L. innocua for all conditions tested can be visu-
alized in Fig. 1. The initial concentration of L.
innocua was determined to be approximately 107
cfu mL−1 for all conditions tested. The adequacy
of model fits was assessed by residual analysis
(i.e. residuals were random, and normally dis-
tributed with mean equal to zero and constant
variance). Values of the coefficient of determina-
tion, R2, were in all cases above 0.92, revealing
model adequacy in data description.
In relation to the precision of the kinetic parame-
ters, shoulder was estimated with the lowest pre-
cision (assessed by the standardized half width
at 95%). The experimental design used may ex-
plain this lack of precision, since less experimen-
tal points were gathered in the initial inactiva-
tion period. This was evident in the cases where
higher temperatures and lower pH were imposed
(the shoulder does not occur).
Results of the experimental design analysis
showed that, with the exception of the type
of solute, all factors significantly affected the
maximum inactivation rate (at a significance
level of 5%). Although the major effect was
due to temperature, the following main effects
and combinations had also a significant influ-
ence on kmax: pH, temperature/pH, aw, aw/pH,
aw/temperature, aw/pH/temperature.
For shoulder parameter, the temperature, pH
and the combination temperature/pH were the
factors that significantly affected this kinetic pa-
rameter (at a significance level of 13%). The oc-
currence of a shoulder can be attributed to dif-
ferences in cell’s resistance. While some treated
cells may be totally injured, avoiding their cul-
turability/survival, others might have sublethal
damage that makes them more sensitive to the
subsequent treatment exposure. In cases where
L. innocua was treated at high temperature and
subjected to lactic acid, the shoulder became al-
most inexistent, which means the instantly un-
viability of the majority of Listeria cells. The
combination of these two factors was very effec-
tive in microbial inactivation, which is indicative
of their synergistic effect. This behaviour has
also been observed in other studies (Juneja &
Eblen, 1999; Lee & Kang, 2009). Although it has
been reported that organic acids’ effectiveness in-
creases with temperature increase, this fact can
be affected by other factors such as the type of
acidifier and microorganism.
In relation to tail parameter, aw was the most
significant factor, followed by temperature and
the combined effect of aw/pH (at a significance
level of 30%). The tail suggests an apparently
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increased resistance of L. innocua in the later
stages of the treatment exposure. As pointed
out by several researchers (Booth, 1998; Rowan,
1999), these survivors are likely to be physiolog-
ically protected from the stress exposure. In this
case, the lower the aw, the higher the thermore-
sistance of Listeria cells.
Temperature had a positive effect on kmax and
tail parameter, which means higher inactivation
rates are observed and the tail tendency becomes
evident when temperature rises. Concerning the
shoulder, the temperature effect is negative. The
shoulder period becomes less visible for higher
temperatures. These effects revealed that, al-
though temperature is very lethal in microbial
reduction, some thermoresistance is obtained in
the later stages of the heat treatment.
The pH affected kmax and shoulder, but not the
tail parameter. Lowering pH value implies higher
inactivation rates and narrow shoulders, which
indicates that acidic pH is very effective on Lis-
teria inactivation. Water activity positively in-
fluenced kmax and tail, which means lower inac-
tivation rates are observed and the tail tends to
disappear when aw decreases. In this case, some
microbial stress adaptative response is occurring,
which increases the time of the bacterium sur-
vival. However, once energy consumption is re-
quired to activate microbial repair mechanisms,
L. innocua cells may become metabolically ex-
hausted and die sometime after.
By observing the results shown in Table 1 and
Fig. 1, it is possible to conclude that shoul-
der times were higher when glycerol was used
(instead of NaCl) and for lower temperatures,
higher pH values and rich media (i.e. TSAYE).
For lower temperatures, lower pH values and
when glycerol was used, higher shoulders and
lower inactivation rates were observed. Conse-
quently, the overall heat resistance was higher
when compared to NaCl results. The influence
of glycerol on the initial shoulder can be ex-
plained by the immediate intracellular access of
glycerol as a result of direct passage through the
cell membrane. The non-permeability of the cell
membrane to NaCl may lead to the differences
observed when both solutes are used.
3.2 Physicochemical stresses
As already said, and when dealing with an anal-
ysis of variance, the temperature (followed by pH
and aw) had the major significant impact in the
inactivation behaviour. These great effects made
the influence of the solute type negligible. How-
ever, if the temperature and pH effects were not
considered, L. innocua inactivation may be influ-
enced by the solute used to change aw. This can
be better understood with the results presented
in Fig. 2, where D-values are represented for aw
of 0.95 (with NaCl and glycerol used as solutes)
and aw of 0.99 (without solute addition). For
pH media of 7.5, L. innocua was more heat re-
sistant when NaCl was used to change aw. This
was observed for the lower and higher tempera-
tures tested. However, for media pH of 4.5 and
for the lower temperature, an inverted tendency
was observed. In this case, L. innocua became
more heat resistant if glycerol had been used.
Several studies demonstrated that the water ac-
tivity effect depends on the treatment temper-
ature. Coroller et al. (2001) and Chiewchan,
Pakdee, and Devahastin (2007) concluded that
aw effect was more pronounced at higher heating
temperatures. Mattick et al. (2001), when study-
ing the heat tolerance of Salmonella spp., demon-
strated that for temperatures equal or higher
than 70 °C the bacterial cells were more heat tol-
erant at low aw than those at higher aw. At tem-
peratures below 65 °C the reverse was observed,
which is in agreement with our results. The high-
temperature target(s) appears to be protected by
low aw, perhaps through improved stability of
proteins, reduced mobility of water, or the direct
effects of solutes, whereas the lower-temperature
target(s) is clearly not protected by low aw. In
this work, the combination of high temperature
with low aw, also increased the survival of L.
innocua (antagonistic effect) in the majority of
the situations tested. However, this was not the
case for conditions (i) T=52.5 °C and pH=4.5
using NaCl and (ii) T=65.0 °C and pH=7.5 us-
ing glycerol, where L. innocua cells were more
susceptible to heat (Fig. 1). These different re-
sults are probably due to the combination of sev-
eral stressful conditions. A synergistic effect can
be achieved when different stresses reach differ-
ent targets within the microbial cells (e.g., cell
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Figure 1: Thermal inactivation data of L. innocua at all conditions of pH and temperature, using the
three recovery media: (a) and (a’) TSAYE; (b) and (b’) TSAYE + 5%NaCl; (c) and (c’) Palcam Agar.
Each plot has a survival curve for aw of 0.99 () and 0.95, this last one adjusted with NaCl (•) or
glycerol (4). The lines represent model fits (Eq. 1).
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Table 1: Estimated shoulder, maximum inactivation rate and tail parameters of L. innocua 10528 at aw
0.95, for all conditions tested.
Solute pH T (°C) Media
Shoulder Maximum Tail
inactivation rate
L (min) SHW95% kmax (min




TSAYE 1.61 28.0 0.32 6.8 -5.3 8.6
TSAYE + 5% NaCl 0.94 62.9 0.37 8.5 -6.1 24.9
Palcam Agar 1.34 23.9 0.36 5.4 -5.4 7.6
65.0
TSAYE 0.00 * 6.74 12.1 -5.0 23.9
TSAYE + 5% NaCl 0.03 165.4 15.30 33.3 -4.8 28.5
Palcam Agar 0.00 2540.7 10.54 27.8 -4.4 17.6
7.5
52.5
TSAYE 32.29 52.5 0.01 3.7 -6.9 13.7
TSAYE + 5% NaCl 41.22 102.9 0.01 9.5 -9.1 35.2
Palcam Agar 33.04 59.4 0.01 4.0 -7.7 17.3
65.0
TSAYE 0.48 24.7 1.43 4.9 -7.7 19.7
TSAYE + 5% NaCl 0.00 * 2.31 9.2 -5.0 15.0




TSAYE 3.69 94.6 0.05 7.7 -5.5 11.6
TSAYE + 5% NaCl 8.82 98.5 0.08 20.5 -9.1 63.3
Palcam Agar 4.10 76.9 0.05 7.6 -5.5 11.7
65.0
TSAYE 0.00 * 7.61 16.5 -5.4 37.6
TSAYE + 5% NaCl 0.01 362.4 37.45 80.5 -3.6 13.0
Palcam Agar 0.00 8046.8 13.30 23.9 -4.4 17.0
7.5
52.5
TSAYE 66.65 18.3 0.01 5.3 -6.6 14.4
TSAYE + 5% NaCl 5.54 224.7 0.02 8.5 -6.0 19.6
Palcam Agar 45.54 22.7 0.01 5.7 -6.1 12.1
65.0
TSAYE 0.00 * 3.98 9.4 -4.8 7.3
TSAYE + 5% NaCl 0.00 1609.1 16.45 48.0 -4.5 22.1
Palcam Agar 0.03 157.9 7.49 18.7 -4.7 10.0
TSAYE: Tryptic Soy Agar supplemented with 0.6% yeast extract.
* Considerable high meaningless value.
Table 2: Estimated shoulder, maximum inactivation rate and tail parameters of L. innocua 10528 at aw
0.99, for all conditions tested.
pH T (°C) Media
Shoulder Maximum Tail
inactivation rate
L (min) SHW95% kmax (min
−1) SHW95% Log(Nres/N0) SHW 95%
4.5
52.5
TSAYE 4.23 20.9 0.22 7.2 -6.2 21.2
TSAYE + 5% NaCl 1.57 38.1 0.37 10.9 -5.1 12.9
Palcam Agar 3.16 29.6 0.25 10.2 -5.8 22.9
65.0
TSAYE 0.00 9877.6 21.19 29.4 -4.3 13.4
TSAYE + 5% NaCl 0.00 4490.3 500.93 4424.4 -4.5 9.3
Palcam Agar 0.00 2087.9 50.25 45.4 -4.2 12.5
7.5
52.5
TSAYE 40.00 32.9 0.03 16.4 -5.2 48.3
TSAYE + 5% NaCl 0.00 * 0.09 39.9 -3.4 21.9
Palcam Agar 20.00 111.1 0.04 35.5 -8.2 79.9
65.0
TSAYE 0.06 338.8 2.68 26.6 -4.8 30.1
TSAYE + 5% NaCl 0.02 100.0 29.64 34.2 -3.9 15.8
Palcam Agar 0.01 868.2 8.88 38.7 -4.0 18.8
TSAYE: Tryptic Soy Agar supplemented with 0.6% yeast extract.
* Considerable high meaningless value.
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membrane, DNA, enzyme systems). This situa-
tion will require extensive energy-consumption to
maintain internal homeostasis which may cause
the microorganisms to become metabolically ex-
hausted (Leistner, 2000). Stress reactions due to
a particular stress factor might also lead to the
microorganism becoming more tolerant to other
stressful conditions. This phenomenon is called
“cross-tolerance” (Leistner, 2000).
Studies on the combined effects of organic acids
and solutes on pathogens survival are scarce.
Casey and Condon (2002) showed that NaCl re-
duced the inhibitory effect of lactic acid on E. coli
by raising its cytoplasmic pH (pHi). In contrast
with these findings, Fang, Siegumfeldt, Budde,
and Jakobsen (2004) and Lebert, Dussap, and
Lebert (2004) observed a significant decrease in
pHi following exposure to high concentrations of
NaCl. However, when glycerol was added to the
medium to decrease aw, they observed that pHi
remained constant. As recognized, weak acids
in their unprotonated form can diffuse into the
cell and dissociate, thereby lowering the intra-
cellular pH. In the presence of glycerol, the free
H+ resulted from the acid dissociation will be
buffered, which consequently promotes the sta-
bility of pHi. In the presence of NaCl, the con-
centration of free H+ will rise, due to the lack of
buffering capacity of the salt, and therefore the
pHi decreases.
This fact, together with the capacity of glycerol
to diffuse freely across the inner membrane, can
explain our results at pH 4.5, where the glycerol
had less inhibitory effect than NaCl at 52.5 °C.
At 65.0 °C, the temperature and aw effects are
more notable as is the similarity of the results for
the two solutes.
At neutral pH, opposite results were observed.
When NaCl was used as the solute, L. innocua
was more heat resistant. Mazas et al. (1999) and
Stewart et al. (2002) arrived at similar conclu-
sions. Listeria spp. is recognized to tolerate high
concentrations of NaCl and this adaptability ap-
pears to be related to the capacity of the bacteria
to accumulate intracellular solutes. The work of
Patchett, Kelly, and Kroll (1992) showed that
L. monocytogenes accumulates K+, betaine and
glutamate to provide compensation for the os-
motic stress caused by increased salinity. These
findings suggested that not only osmotic stress
but also physicochemical properties of the solutes
used to control aw, as well as the biological ef-
fects of the solutes on the microorganism, lead to
variation of cell behaviour. In fact, the protective
influence of aw decrease could be balanced by a
specific antagonistic and toxic effect of glycerol,
at neutral pH.
3.3 Effect of plating media
The heat resistance of microorganisms is fre-
quently evaluated in terms of D-value. Such an
approach assumes linearity between the logarith-
mic of the number of viable microorganisms with
time (this meaning a linear kinetics). Devia-
tions from linearity can be observed in the re-
sults presented in Fig. 1, for the majority of
the conditions tested. For all studied conditions,
kmax values were converted to D-values (Eq. 2).
D-values calculated using data obtained in non-
selective media (TSAYE) and in selective media
(TSAYE+5%NaCl and Palcam Agar) are shown
in Fig. 2.
In all cases, D-values using TSAYE were the
highest as this medium supports the growth of
most cells, including those that can suffer any
kind of injury. D-values for selective media are
likely to be lower as the growth of injured cells is
prevented. In the case of TSAYE+NaCl, a lower
survival of Listeria means that the osmoregula-
tory functions of the cytoplasmic membrane has
been damaged. Those cells, where some enzymes
may be inactivated by the replacement of their
cations by Li+, will be sensitive to LiCl in Pal-
cam Agar. For the conditions of Fig. 2a and 2c
(lower temperature), it is possible to note that D-
values obtained using TSAYE+NaCl were lower
than those determined using TSAYE for aw of
0.99, but the ones from Palcam Agar are sim-
ilar to those obtained in non-selective medium.
This indicates that under high aw heating condi-
tions, a great number of bacteria survivors had
cytoplasmic membrane damage and that for high
and low aw cell injury in enzymes functionality
is not relevant. For the situation presented in
Fig. 2d (higher temperature and higher pH),
D-values determined using both selective media
were lower than those obtained using TSAYE
for aw of 0.99 and when glycerol was utilized
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Figure 2: D-values of L. innocua treated at (a) pH=4.5 and T=52.5 °C, (b) pH=4.5 and T=65.0 °C, (c)
pH=7.5 and T=52.5 °C and (d) pH=7.5 and T=65.0 °C, at aw of 0.99 and 0.95, this last one adjusted
with NaCl or glycerol, for three different recovery media.
to decrease aw to 0.95. This implies that un-
der these conditions many survivors may have
cytoplasmic membrane damage and enzymes in-
activation. For the most severe conditions tested
(Fig. 2b; higher temperature and lower pH) no
distinct differences were observed for D-values
calculated for the three media used. This is in-
dicative that survivors did not suffer any form of
injury that can be repaired. All these conclusions
were validated by the D-values calculated (lack-
ing associated uncertainty), and the kmax esti-
mates and related precision. This allowed signif-
icance of the highlighted conclusions. From these
results it is possible to conclude that lower tem-
peratures potentiate the inactivation of Listeria
cells with damaged cytoplasmic membranes. It is
also important to note that at 52.5 °C and at high
aw, cells with damaged cytoplasmic membranes
survive and can repair. However, when they are
heated in a medium with low aw, the additional
osmotic stress caused by any solute may result
in cell death rather than sublethal injury. As re-
ferred by Gabriel (2013) aside from some protec-
tion conferred by solutes against heat injury, the
decrease in aw also brings forth physical damage
to cellular membranes and provides reduction of
intracellular moisture which can negatively affect
the function of cellular enzymes. Exposures to
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acidic environments are also known to induce dis-
ruption of biochemical processes within the cells
such as enzymes functions and nutrient trans-
port (Beales, 2004). At higher temperatures, the
study of Aljarallah and Adams (2007) showed
that ribosomal inactivation was a primary target
of cell damage.
4 Conclusions
To achieve accurate results concerning the ther-
mal inactivation of microorganisms, it is crucial
to study the influence of relevant factors. Al-
though the results from the present work pointed
out that temperature was the main significant
factor that influences L. innocua survival, pH
and aw (and their combined effects) had also a
significant impact. If temperature and pH effects
were not considered, L. innocua inactivation may
also be affected by the solute used to change aw.
For media pH of 7.5, L. innocua is more heat re-
sistant when NaCl is used to change aw. This is
observed for the lower and higher temperatures
tested. However, for media pH of 4.5 and for
the lower temperature, an inverted tendency was
observed. In this case, L. innocua became more
heat resistant if glycerol is used. These results
suggest that some physicochemical properties of
the solutes used to control aw may influence the
microbial thermal resistance. A further compar-
ison of results, where the aw effect is considered
alone, may lead to restricted conclusions.
Care must be taken with the enumeration media
chosen, since selective media may be inadequate
for the recovery of injured Listeria cells. Com-
paring results obtained in selective media with
the ones obtained in non-selective media, it can
be concluded that at lower temperature, Listeria
inactivation occurred by damage in the cytoplas-
mic membrane, which can be repaired at high aw
(0.99), but not at low aw (0.95).
Every attempt should be made to control rele-
vant important processing conditions that affect
microbial survival. Special attention must be
given to the possible interactions between these
factors, as synergistic or antagonistic effects may
happen.
Acknowledgements
Fátima A. Miller and Teresa R.S. Brandão
gratefully acknowledge, respectively, their Post-
Doctoral Grants (SFRH/BPD/65041/2009) and
(SFRH/BPD/101179/2014) to Fundação para
a Ciência e a Tecnologia (FCT). This work
was supported by National Funds from FCT -
Fundação para a Ciência e a Tecnologia through
project UID/Multi/50016/2013.
References
Albert, I. & Mafart, P. (2005). A modified
weibull model for bacterial inactivation. In-
ternational Journal of Food Microbiology,
100 (1-3), 197–211. 4th International Con-
ference on Predictive Modelling in Foods,
Quimper, FRANCE, JUN 15-19, 2003.
doi:10.1016/j.ijfoodmicro.2004.10.016
Aljarallah, K. M. & Adams, M. R. (2007). Mech-
anisms of heat inactivation in salmonella
serotype typhimurium as affected by low
water activity at different temperatures.
Journal of Applied Microbiology, 102 (1),
153–160. doi:10 . 1111/ j . 1365 - 2672 .2006 .
03054.x
Barker, C. & Park, S. F. (2001). Sensitization
of listeria monocytogenes to low ph, or-
ganic acids, and osmotic stress by ethanol.
Applied and Environmental Microbiology,
67 (4), 1594–1600. doi:10 .1128/AEM.67 .
4.1594-1600.2001
Beales, N. (2004). Adaptation of microorganisms
to cold temperatures, weak acid preserva-
tives, low ph, and osmotic stress: a re-
view. Comprehensive Reviews in Food Sci-
ence and Food Safety, 3 (1), 1–20. doi:10.
1111/j.1541-4337.2004.tb00057.x
Begot, C., Lebert, I., & Lebert, A. (1997). Vari-
ability of the response of 66 listeria mono-
cytogenes and listeria innocua strains to
different growth conditions. Food Microbi-
ology, 14 (5), 403–412. doi:10 . 1006 / fmic .
1997.0097
Blackburn, C. D., Curtis, L. M., Humpheson, L.,
Billon, C., & McClure, P. J. (1997). Devel-
opment of thermal inactivation models for
salmonella enteritidis and escherichia coli
IJFS October 2017 Volume 6 pages 139–151
L. innocua inactivation kinetics 149
o157 : h7 with temperature, ph and nacl as
controlling factors. International Journal
of Food Microbiology, 38 (1), 31–44. doi:10.
1016/S0168-1605(97)00085-8
Booth, I. R. (1998). The bacteria strike back. The
Biochemist, 20, 8–11.
Box, G. E. P., Hunter, W. G., & Hunter, J. S.
(1978). Statistics for experiments: an intro-
duction to design, data analysis and model
building. New York: John Wiley & Sons.




Bremer, P. J., Osborne, C. M., Kemp, R. A.,
& Smith, J. J. (1998). Survival of liste-
ria monocytogenes in sea water and effect
of exposure on thermal resistance. Journal
of Applied Microbiology, 85 (3), 545–553.
doi:10.1046/j.1365-2672.1998.853533.x
Casey, P. G. & Condon, S. (2002). Sodium chlo-
ride decreases the bacteriocidal effect of
acid ph on escherichia coli o157 : h45.
International Journal of Food Microbiol-
ogy, 76 (3), 199–206. doi:10 . 1016/S0168 -
1605(02)00018-1
Char, C., Guerrero, S., & Alzamora, S. M.
(2009). Survival of listeria innocua in ther-
mally processed orange juice as affected by
vanillin addition. Food Control, 20 (1), 67–
74. doi:10.1016/j.foodcont.2008.02.004
Chiewchan, N., Pakdee, W., & Devahastin, S.
(2007). Effect of water activity on ther-
mal resistance of salmonella krefeld in liq-
uid medium and on rawhide surface. In-
ternational Journal of Food Microbiology,
114 (1), 43–49. doi:10.1016/j.ijfoodmicro.
2006.10.037
Coroller, L., Leguerinel, I., & Mafart, P. (2001).
Effect of water activities of heating and re-
covery media on apparent heat resistance
of bacillus cereus spores. Applied and En-
vironmental Microbiology, 67 (1), 317–322.
doi:10.1128/AEM.67.1.317-322.2001
Fang, W. H., Siegumfeldt, H., Budde, B. B.,
& Jakobsen, M. (2004). Osmotic stress
leads to decreased intracellular ph of liste-
ria monocytogenes as determined by fluo-
rescence ratio-imaging microscopy. Applied
and Environmental Microbiology, 70 (5),
3176–3179. doi:10.1128/AEM.70.5.3176-
3179.2004
Friedly, E. C., Crandall, P. G., Ricke, S.,
O’Bryan, C. A., Martin, E. M., & Boyd,
L. M. (2008). Identification of listeria in-
nocua surrogates for listeria monocyto-
genes in hamburger patties. Journal of
Food Science, 73 (4), M174–M178. doi:10.
1111/j.I750-3841.2008.00719.x
Gabriel, A. A. (2013). Influences of simultane-
ous physicochemical stresses on injury and
subsequent heat and acid resistances of
salmonella enteritidis in apple juice. Food
Control, 31 (1), 28–34. doi:10 . 1016 / j .
foodcont.2012.08.021
Geeraerd, A. H., Herremans, C. H., & Van Impe,
J. F. (2000). Structural model require-
ments to describe microbial inactivation
during a mild heat treatment. International
Journal of Food Microbiology, 59 (3), 185–
209. doi:10.1016/S0168-1605(00)00362-7
Gil, M. M., Brandao, T. R. S., & Silva, C. L. M.
(2006). A modified gompertz model to
predict microbial inactivation under time-
varying temperature conditions. Journal of
Food Engineering, 76 (1), 89–94. doi:10 .
1016/j.jfoodeng.2005.05.017
Gil, M. M., Miller, F. A., Brandao, T. R. S.,
& Silva, C. L. M. (2011). On the use of
the gompertz model to predict microbial
thermal inactivation under isothermal and
non-isothermal conditions. Food Engineer-
ing Reviews, 3 (1), 17–25. doi:10 . 1007 /
s12393-010-9032-2
Huang, L. (2009). Thermal inactivation of lis-
teria monocytogenes in ground beef un-
der isothermal and dynamic temperature
conditions. Journal of Food Engineering,
90 (3), 380–387. doi:10.1111/j.1471-0307.
2008.07.011
Jagannath, A., Nakamura, I., & Tsuchido, T.
(2003). Modelling the combined effects
of ph, temperature and sodium chlo-
ride stresses on the thermal inactivation
of bacillus subtilis spores in a buffer
system. Journal of Applied Microbiology,
95 (1), 135–141. 18th International ICFMH
Symposium, LILLEHAMMER, NORWAY,
AUG 18-23, 2002. doi:10.1046/j.1365-2672.
2003.01952.x
IJFS October 2017 Volume 6 pages 139–151
150 Miller et al.
Juneja, V. K. & Eblen, B. S. (1999). Predic-
tive thermal inactivation model for listeria
monocytogenes with temperature, ph, nacl,
and sodium pyrophosphate as controlling
factors. Journal of Food Protection, 62 (9),
986–993.
Kondjoyan, A. & Portanguen, S. (2008). Effect
of superheated steam on the inactivation
of listeria innocua surface-inoculated onto
chicken skin. Journal of Food Engineering,
87 (2), 162–171. doi:10 . 1016 / j . jfoodeng .
2007.11.030
Lebert, I., Dussap, C. G., & Lebert, A. (2004).
Effect of a(w), controlled by the addition of
solutes or by water content, on the growth
of listeria innocua in broth and in a gela-
tine model. International Journal of Food
Microbiology, 94 (1), 67–78. doi:10.1016/j.
ijfoodmicro.2004.01.002
Lecompte, J.-Y., Kondjoyan, A., Sarter, S., Por-
tanguen, S., & Collignan, A. (2008). Ef-
fects of steam and lactic acid treatments
on inactivation of listeria innocua surface-
inoculated on chicken skins. International
Journal of Food Microbiology, 127 (1-2),
155–161. doi:10.1016/j. ijfoodmicro.2008.
06.033
Lee, S.-Y. & Kang, D.-H. (2009). Combined ef-
fects of heat, acetic acid, and salt for in-
activating escherichia coli o157:h7 in labo-
ratory media. Food Control, 20 (11), 1006–
1012. doi:10.1016/j.foodcont.2008.12.002
Leistner, L. (2000). Basic aspects of food
preservation by hurdle technology. Interna-
tional Journal of Food Microbiology, 55 (1-
3), 181–186. International Symposium on
Microbial Stress and Recovery in Food,
QUIMPER, FRANCE, JUN 14-16, 1999.
doi:10.1016/S0168-1605(00)00161-6
Linton, R. H., Carter, W. H., Pierson, M. D.,
& Hackney, C. R. (1995). Use of a modi-
fied gompertz equation to model nonlinear
survival curves for listeria-monocytogenes
scott-a. Journal of Food Protection, 58 (9),
946–954.
Mattick, K. L., Jorgensen, F., Wang, P., Pound,
J., Vandeven, M. H., Ward, L. R., . . .
Humphrey, T. J. (2001). Effect of challenge
temperature and solute type on heat tol-
erance of salmonella serovars at low water
activity. Applied and Environmental Mi-
crobiology, 67 (9), 4128–4136. doi:10.1128/
AEM.67.9.4128-4136.2001
Mazas, M., Martinez, S., Lopez, M., Alvarez,
A. B., & Martin, R. (1999). Thermal in-
activation of bacillus cereus spores affected
by the solutes used to control water activ-
ity of the heating medium. International
Journal of Food Microbiology, 53 (1), 61–
67. doi:10.1016/S0168-1605(99)00145-2
McKellar, R. C. & Lu, X. (2003). Modeling
microbial responses in food. CRC Press.
doi:10.1201/9780203503942
Mena, C., Almeida, G., Carneiro, L., Teixeira, P.,
Hogg, T., & Gibbs, P. A. (2004). Incidence
of listeria monocytogenes in different food
products commercialized in portugal. Food
Microbiology, 21 (2), 213–216. doi:10.1016/
S0740-0020(03)00057-1
Miller, F. A., Brandao, T. R. S., Teixeira, P.,
& Silva, C. L. M. (2006). Recovery of
heat-injured listeria innocua. International
Journal of Food Microbiology, 112 (3), 261–
265. 19th International ICFMH Sympo-
sium on Food Micro, Potoroz, SLOVENIA,
2004. doi:10.1016/j . ijfoodmicro.2006.04.
013
Miller, F. A., Gil, M. M., Brandao, T. R. S.,
Teixeira, P., & Silva, C. L. M. (2009). Sig-
moidal thermal inactivation kinetics of lis-
teria innocua in broth: influence of strain
and growth phase. Food Control, 20 (12),
1151–1157. doi:10 .1016/j . foodcont .2009 .
03.007
Miller, F. A., Ramos, B., Gil, M. M., Brandao,
T. R. S., Teixeira, P., & Silva, C. L. M.
(2009). Influence of ph, type of acid and
recovery media on the thermal inactivation
of listeria innocua. International Journal
of Food Microbiology, 133 (1-2), 121–128.
doi:10.1016/j.ijfoodmicro.2009.05.007
Norrung, B. (2000). Microbiological criteria for
listeria monocytogenes in foods under spe-
cial consideration of risk assessment ap-
proaches. International Journal of Food
Microbiology, 62 (3, SI), 217–221. doi:10 .
1016/S0168-1605(00)00338-X
Patchett, R. A., Kelly, A. F., & Kroll,
R. G. (1992). Effect of sodium-chloride on
the intracellular solute pools of listeria-
IJFS October 2017 Volume 6 pages 139–151
L. innocua inactivation kinetics 151
monocytogenes. Applied and Environmen-
tal Microbiology, 58 (12), 3959–3963.
Rowan, N. J. (1999). Evidence that inimi-
cal food-preservation barriers alter micro-
bial resistance, cell morphology and viru-
lence. Trends in Food Science & Technol-
ogy, 10 (8), 261–270. doi:10 . 1016/S0924 -
2244(99)00060-6
Stewart, C. M., Cole, M. B., Legan, J. D.,
Slade, L., Vandeven, M. H., & Schaffner,
D. W. (2002). Staphylococcus aureus
growth boundaries: moving towards mech-
anistic predictive models based on solute-
specific effects. Applied and Environmen-
tal Microbiology, 68 (4), 1864–1871. doi:10.
1128/AEM.68.4.1864-1871.2002
Wang, X.-M., Lu, X.-F., Yin, L., Liu, H.-F.,
Zhang, W.-J., Si, W., . . . Liu, S.-G. (2013).
Occurrence and antimicrobial susceptibil-
ity of listeria monocytogenes isolates from
retail raw foods. Food Control, 32 (1), 153–
158. doi:10.1016/j.foodcont.2012.11.032
Zhang, G., Ma, L., Oyarzabal, O. A., & Doyle,
M. P. (2007). Aerosol studies with listeria
innocua and listeria monocytogenes. Jour-
nal of Food Protection, 70 (8), 1857–1865.
IJFS October 2017 Volume 6 pages 139–151
